One sentence summary: We reviewed the recent progress of engineering of Saccharomyces cerevisiae for the efficient co-utilization of glucose and xylose. Editor: Hyun Ah Kang
INTRODUCTION
Growing concern regarding the depletion of fossil fuels has intensified interest in the development of sustainable methods of producing fuels and chemicals from renewable biomass. The traditional fermentation feedstock is a mainly sugar-based substrate that is derived from corn starch or cane juice. The utilization of food-based feedstock has triggered a food and feed versus fuels and chemicals debate. Therefore, the use of non-food biomass, such as lignocellulose, for fermentation has become increasingly important.
Lignocellulose materials, such as corn stover, wheat straw, grasses, sugarcane bagasse, wood chips and other agricultural residues, are of great interest as feedstock because they are abundant, inexpensive and renewable. Unlike starch hydrolysates, lignocellulosic hydrolysates contain both C6 and C5 sugars. Typically, cellulosic hydrolysates consist of 60%-70% glucose and 30%-40% xylose (Kim et al. 2013a; Zhang et al. 2015; Moyses et al. 2016) . However, widely used fermenting microorganisms, such as yeast and bacteria, are often not able to efficiently utilize xylose as carbon source. Therefore, engineering microorganisms to be able to rapidly metabolize xylose is essential for the sustainable and economical production of biofuels and chemicals (Hahn-Hagerdal et al. 2006) . Although xylose utilizing microorganisms exist in nature, they generally cannot ferment xylose to produce desired chemicals in the presence of cellulosic hydrolysate inhibitors ). Baker's yeast (Saccharomyces cerevisiae) is the most widely used microorganism for the industrial production of ethanol from hexoses. It is also widely used as a cell factory to produce various advanced biofuels, chemicals and pharmaceuticals. Consequently, in the past few decades, numerous studies have attempted to introduce xylose metabolic pathways into S. cerevisiae (Eliasson et al. 2000; Kuyper et al. 2003 Kuyper et al. , 2005 HahnHagerdal et al. 2006) . In this review, we will discuss metabolic engineering strategies to overcome the limitation of xylose metabolism and improve the xylose fermentation capabilities of S. cerevisiae (Fig. 1 ). We will mainly focus on the recent progress in metabolic engineering strategies for S. cerevisiae, including (i) the optimization of xylose-assimilating pathways; (ii) the engineering of endogenous metabolic pathways, including irrational engineering approaches such as adaptive evolution, to identify the key targets for enhanced xylose metabolism; (iii) the engineering of transporters to have increased xylose affinity and decreased glucose inhibition; and (iv) the summarization of engineered strains for xylose fermentation (Fig. 1 ). In addition, we also discuss the challenges that need to be addressed to further the utilization of xylose in S. cerevisiae.
THE OPTIMIZATION OF XYLOSE-ASSIMILATING PATHWAYS
Saccharomyces cerevisiae does not have a specific xylose metabolic pathway; therefore, heterologous pathways have been introduced into S. cerevisiae in past decades (Eliasson et al. 2000; Kuyper et al. 2003 Kuyper et al. , 2005 . Xylose catabolism occurs through three different pathways in nature, and currently two have been introduced into S. cerevisiae, including an oxidoreductive pathway and an isomerase pathway (Fig. 1) . The cofactor-dependent oxidoreductive pathway is mainly found in fungi and xylosemetabolizing yeast. Xylose is reduced to xylitol by an NAD(P)Hdependent xylose reductase (XR) encoded by XYL1. Subsequently, xylitol is oxidized to xylulose by an NAD + -dependent xylitol dehydrogenase (XDH) encoded by XYL2 (Jeffries 2006; Hahn-Hagerdal et al. 2007; Hou et al. 2009 ). An alternative is the cofactor-independent xylose isomerase (XI) pathway, which exists in some bacteria and fungi and can convert xylose to xylulose directly (Kuyper et al. 2003 (Kuyper et al. , 2005 Hector et al. 2013 ). The xylulose is converted to xylulose-5-phosphate by an endogenous xylulose kinase (XK). Xylulose-5-phosphate then enters the pentose phosphate pathway (PPP) to produce ethanol or other chemicals. Both pathways have been successfully introduced into S. cerevisiae, allowing the recombinant strains to produce ethanol from xylose.
To introduce the XR-XDH pathway into S. cerevisiae, many studies focused on utilizing the XYL1 and XYL2 genes from Scheffersomyces stipitis (Walfridsson et al. 1997; Eliasson et al. 2000; Scalcinati et al. 2012) . Compared to the XI pathway, the XR-XDH pathway is thermodynamically advantageous and exhibited faster xylose consumption and ethanol production (Karhumaa, Hahn-Hagerdal and Gorwa-Grauslund 2005; Karhumaa et al. 2007) . However, the different cofactor requirements of XR and XDH lead to a cofactor imbalance and the accumulation of by-products such as xylitol and glycerol (Fig. 1) . Therefore, much work has been done to balance the intracellular redox cofactor levels or change the cofactor specificities of XR or XDH (Verho et al. 2003; Grotkjaer et al. 2005; Bro et al. 2006; Hou et al. 2007 Hou et al. , 2009 Hou et al. , 2014 Matsushika et al. 2008; Zhou et al. 2012) .
XR prefers NADPH as cofactor, while XDH exclusively uses NAD + to produce NADH. Site-directed mutagenesis of the cofactor binding pockets has successfully altered the cofactor specificity of XR and XDH. The expression of NADH-preferring XR mutants (K270M, K270R, K270R/N272D, N272D/P275Q, R276H) with the wild-type NAD + -specific XDH improved the ethanol yield and decreased the xylitol yield (Watanabe et al. 2007a; . Similarly, expressing the wild-type XR and an NADP + -specific XDH mutants (D207A/I208R/F209S/N211R) also decreased xylitol production (Watanabe et al. 2007b; Matsushika et al. 2008) .
Redox cofactor engineering is also an effective strategy to decrease the accumulation of by-products in XR-XDH engineered strains. The XR and XDH catalyzed reactions lead to an accumulation of NADH and the consumption of NADPH. The engineering strategies used have mainly focused on decreasing NADH production and increasing NADPH availability. NADPH is normally generated through the oxidative part of the PPP by the action of glucose-6-phosphate dehydrogenase (encoded by ZWF1), but this reaction leads to wasteful CO 2 production. The expression of the Kluyveromyces lactis GPD1 gene, which encodes a fungal NADP + -dependent D-glyceraldehyde-3-phosphate dehydrogenase, in a ZWF1 deletion strain can reduce the net NADH production and regenerate NADPH, thereby decreasing xylitol production and enhancing the ethanol yield (Verho et al. 2003) . Similarly, expressing a Streptococcus mutant gapN gene, which encodes a non-phosphorylating NADP + -dependent GAPDH, or manipulating ammonia assimilation from being an NADPH-dependent reaction to being an NADH dependent one by replacing GDH1 (encoding an NADPH-dependent glutamate dehydrogenase) with GDH2 (encoding an NADH-dependent glutamate dehydrogenase) also decreased xylitol accumulation and increased the ethanol yield in S. cerevisiae (Nissen et al. 2000 , Grotkjaer et al. 2005 Bro et al. 2006) . Expression of the noxE gene, which encodes an NADH oxidase, not only reduced xylitol production in an XR-XDH pathway engineered strain but also decreased glycerol production in an XI pathway engineered strain (Zhang et al. 2011; Hou et al. 2014) . Recently, an NADH-consuming acetate consumption pathway and an NADH-producing xylose utilization pathway have been constructed, allowing the engineered yeast to convert cellulosic sugars and toxic levels of acetate into ethanol under anaerobic conditions (Wei et al. 2013) . These strategies demonstrated the power of using redox cofactor engineering to regulate metabolism and optimize the synthesis of products. An alternative pathway for xylose catabolism is the isomerase-based pathway. This pathway is cofactor independent, and thus could potentially lead to higher ethanol yields. However, initial studies attempting to express bacterial XIs from species such as Escherichia coli, Bacillus subtilis and Streptomyces rubiginosus in S. cerevisiae have failed ( Fig. 1) (Sarthy et al. 1987) . This may be attributed to several reasons, such as protein misfolding, improper disulfide bridge formation, suboptimal internal pH and an absence of specific metal ions required by the bacterial proteins that are absent in yeast (van Maris et al. 2007) . The first functional XI expressed in yeast was from Thermus thermophilus; however, it exhibited low activity at 30
• C because its maximal activity occurs at 85
• C (Walfridsson et al. 1996) . In 2003, an eukaryotic XI gene from Piromyces sp. E2 was successfully expressed in S. cerevisiae (Kuyper et al. 2003) . The recombinant strain showed a considerably high XI activity of 1.1 U mg −1 . The expression of this xylA gene in combination with the downstream metabolic pathway overexpression and adaptive evolution in xylose enabled the engineered strain to grow on xylose with a specific growth rate of 0.12 h −1 and produce an ethanol yield of 0.41 g g −1 (Kuyper et al. 2005) . Subsequently, XI genes derived from bovine rumen metagenomic sequencing (Hou et al. 2016b) and from microorganisms such as Orpinomyces sp. (Madhavan et al. 2009 ), Clostridium phytofermentans (Brat, Boles and Wiedemann 2009) , Burkholderia cenocepacia (de Figueiredo Vilela et al. 2013) and Prevotella ruminicola (Hector et al. 2013) were also functionally expressed in S. cerevisiae. Since the activity of XI was one of the key limiting factors of xylose utilization, the evolution of a XI with higher activity was also important for improving xylose catabolism (Lee, Jellison and Alper 2012) . Although it has long been thought that native S. cerevisiae strains are unable to grow fermentatively or non-fermentatively on xylose, some endogenous non-specific xylose utilization genes were identified. Genes putatively encoding enzymes capable of xylose reduction include GRE3, GCY1, YPR1, YDL124W, YJR096W and those encoding enzymes for xylitol oxidation include XYL2, SOR1, SOR2 and XDH1 (Toivari et al. 2004; Wenger, Schwartz and Sherlock 2010) . The presence of endogenous, nonspecific xylose metabolism genes explains why some S. cerevisiae strains have a xylose utilization phenotype.
ENGINEERING THE ENDOGENOUS METABOLIC PATHWAYS
Although xylose metabolic pathways have been introduced into Saccharomyces cerevisiae, the low efficiency of the endogenous metabolic pathways has largely limited xylose fermentation regardless of the presence of xylose metabolism pathways ( Fig. 1) . Numerous rational or irrational engineering approaches have been attempted to strengthen the endogenous pathways. First, it is necessary to modify the endogenous systems in order to overcome the intrinsic limitations of both pathways. For the XR-XDH pathway, redox imbalance is one of the major issues that limit the conversion of from xylose into ethanol. Thus, cofactor engineering has been performed to eliminate the accumulation of by-products as described above. For XI pathways, the functional expression of the bacterial xylA gene in S. cerevisiae was found to be difficult in initial studies. The mismatching of the Hsp60 chaperone systems between bacterial and eukaryotic cells was speculated to be the reason for the poor function of the bacterial enzymes expressed in yeast, and overexpression of the Escherichia coli GroEL and GroES chaperones in S. cerevisiae assisted the functional expression of the E. coli xylose and arabinose isomerases (Xia et al. 2016) .
Second, the genes encoding XK and the enzymes in the PPP were overexpressed to improve xylose fermentation in an engineered S. cerevisiae strain. The expression of endogenous S. cerevisiae XKS1 or a heterologous XK gene such as XYL3 from S. stipites is required to drive the carbon flux to the PPP (Jin et al. 2003) . It is also important for decreasing xylitol production in the XR-XDH pathway in engineered strains (Parachin et al. 2011) . However, too high an expression of the XK genes inhibited the growth on xylose or the xylose consumption (Jin et al. 2003; Ni, Laplaza and Jeffries 2007) . When using xylose as a carbon source, the ATP yield is less than what would be produced if glucose was used. Moreover, XK uses ATP, and the high expression of XK genes may consume too much ATP, leading to ATP depletion (Jin et al. 2003) . Therefore, moderate XK gene expression and the proper ratio of XR, XDH and XK may be important to minimize xylitol accumulation and improve xylose consumption.
Xylulose-5-phosphate was further metabolized in the nonoxidative PPP. Overexpression of the transaldolase encoding gene TAL1 was found be effective in improving xylose assimilation (Ni, Laplaza and Jeffries 2007) . Many studies have simultaneously overexpressed all the enzyme encoding genes in the non-oxidative PPP (TAL1, TKL1, RKI1 and RPE1) in both XI and XR-XDH containing strains (Peng et al. 2012; Demeke et al. 2013; Zhang et al. 2015; Li et al. 2016a) .
Third, the ethanol yield from xylose needs to be improved. It is reported that xylose was neither identified as a fermentable carbon source that is capable of catabolite repression (like glucose) nor recognized as a non-fermentable carbon source (Salusjarvi et al. 2008) , which explains the low conversion of xylose to ethanol during aerobic cultivation. Some evolution engineering studies have been performed to enable anaerobic growth on xylose in order to obtain a high ethanol yield (Sonderegger and Sauer 2003) . Another approach is the elimination of respiration. The cytochrome C oxidase subunit IV gene has been deleted in both XR-XDH and XI engineered strains (Peng et al. 2012; Shen, Hou and Bao 2013) . Combined with adaptive evolution, it improved xylose fermentation under aerobic conditions.
Fourth, the glucose repression also needs to be addressed. Most engineered yeast cannot utilize xylose until glucose is completed exhausted. The sequential use of glucose and xylose may be attributed to the competition of their uptake and the glucose repression. The glucose-sensing system such as Snf1/Rgt1 and Snf3/Rgt1-Rgt2 can sense the level of extracellular glucose and regulate the genes involved in sugar transport and metabolism to respond quickly to the changes in sugar availability (Busti et al. 2010) . Compared with the response to glucose, the transit from glucose to xylose increased amino acid synthesis and TCA cycle intermediates but decreased the concentration of sugar phosphates and redox cofactors (Bergdahl et al. 2012) . The growth on xylose corresponds neither to that fully glucose repressed nor that of depressed cells, indicating that xylose metabolism has both fermentative and respiratory features. This may be one reason of suboptimal fermentation of xylose. To enable the co-utilization, the cellobiose and xylose co-consumption yeast strains were designed. In these strains, hydrolysis of cellobiose takes place inside yeast cells through the action of an intracellular β-glucosidase following import by a cellodextrin transporter; therefore, the glucose repression was avoided (Ha et al. 2011) . Besides, several co-fermented glucose and xylose strains were obtained through evolutionary engineering (Young, Lee and Alper 2010; Vilela Lde et al. 2015; Li et al. 2016) . It is reported the increase in the expression of HXT2 and TAL1 which encode a low-affinity hexose transporter and transaldolase may contribute to the co-utilization of glucose and xylose (Vilela Lde et al. 2015) .
Although the introduction of pentose metabolism and the overexpression of the downstream pathway genes enabled yeast to grow on xylose, the observed xylose consumption rates are still relatively low, especially in the presence of glucose. Concurrent with rational engineering, irrational engineering has also been explored to further improve the xylose-fermenting capability of S. cerevisiae.
Adaptive evolutionary engineering combined with systems biology analysis has proven to be a successful approach for strain development and exploring unknown targets that cannot be captured by rational approaches. The microorganism is placed under an environmental selection and after given time to adapt, the population which contains a beneficial mutation will survive and exhibit the desired phenotype. Numerous studies have been conducted to develop strains with improved xylose utilization through adaptive evolutionary engineering (Kuyper et al. 2005; Peng et al. 2012; Scalcinati et al. 2012; Zhou et al. 2012; Kim et al. 2013b; Lee, Jellison and Alper 2014; Qi et al. 2015) . In general, the engineered strains are cultivated in media containing xylose as the sole carbon source as a selection pressure, and cells are continuously transferred to fresh media when grown to a certain OD600, or are cultivated in a chemostat. During continuous cultivations, spontaneous mutations occur, and the mutants that grow better will be enriched and later isolated. The increased growth rate or decreased doubling time was monitored until the desired level was reached (Peng et al. 2012; Kim et al. 2013) . Lee, Jellison and Alper (2014) found that a low inoculum size and the transfer of cells at exponential phase was the most effective adaptation strategy in the batch culture adaptation process. Other irrational engineering approaches such as random mutagenesis with ethyl methane sulfonate (EMS), transposon mutagenesis and genome shuffling have also successfully facilitated xylose metabolism and benefit the development of xylose utilizing strains (Gururajan et al. 2007; Ni, Laplaza and Jeffries 2007; Ge et al. 2012) .
Some of the evolved strains were then analyzed through systems biology analyses, such as genome sequencing, proteomic profiling, metabolomic analyses, genome library screening, transposon mutagenesis and transcriptome analysis, to identify candidate genes important for xylose metabolism (Scalcinati et al. 2012; Zhou et al. 2012; Kim et al. 2013b; Qi et al. 2015) .
Through a combination of adaptive evolutionary engineering and systems biology analysis, mutations related to xylose utilization have been identified. For instance, using genomic library screening, Zhou et al. (2012) detected that the chromosomal integration of multiple copies of the Piromyces sp. xylA gene in an evolved strain contributed to higher XI activity and more efficient xylose assimilation. Another study using genome sequencing revealed an eccDNA (extrachromosomal circular DNA) element in a xylose-fermenting strain that was generated during adaptive evolution. An xylA gene inserted close to an ARS sequence was found to be amplified 9-fold in both alleles of the chromosomal locus of the evolved strain (Demeke et al. 2015) . It seems that the increase in copy number of key genes such as xylA is a frequent change in xylose evolved strains. Recently, increased XI activity was found in another evolved strain; however, the copy number of xylA was not altered (Hou et al. 2016b) . Further genome sequencing analysis revealed that the mutation of Ask10p, a stress response regulator, upregulated transcription of molecular chaperone-encoding genes, thereby facilitating the protein folding of xylose isomerase and enhancing its activity. This work arrived at a similar discovery as the aforementioned Hsp60p chaperone expression study (Xia et al. 2016) , highlighting the importance of proper folding of XI in yeast and hinting at a reason for the unsuccessful expression of bacterial xylA in earlier studies (Amore and Hollenberg 1989; Walfridsson et al. 1996; van Maris et al. 2007) .
Another widely studied beneficial mutation for xylose metabolism is the deletion of pho13, which encodes a haloacid dehalogenase type IIA phosphatase. This mutation, in addition to TAL1, was first identified through transposon mutagenesis of a xylose metabolizing strain (Ni, Laplaza and Jeffries 2007) . Genome sequencing also identified the mutations in pho13 from an evolved xylose utilization strain (Kim et al. 2013b) . A transcriptome analysis later revealed that pho13 upregulated the PPP and NADPH-producing enzymes as a part of an oxidative stress response mediated by the activation of Stb5 (Kim et al. 2015) . The metabolome analysis further uncovered that the TAL1 upregulation mediated prevention of sedoheptulose accumulation was the critical mechanism for the improved xylose metabolism in the pho13 deletion mutant (Xu et al. 2016 ). This mutation was also shown to be effective in increasing xylose fermentation in several other studies (Ni, Laplaza and Jeffries 2007; Van Vleet, Jeffries and Olsson 2008; Bamba, Hasunuma and Kondo 2016; Xu et al. 2016) . Several other targets of central carbon metabolism, such as the deletion of ALD6 or overexpression of TAL1, which were identified from inverse metabolic engineering, can also contribute xylose fermentation (Ni, Laplaza and Jeffries 2007; Kim et al. 2013 ).
Aside from genome sequencing, transcriptome analysis is also frequently used to obtain changes in evolved strains. For example, Zeng et al. (2017) found that the adaptive evolution of XR-XDH pathway strains upregulated the biosynthesis of vitamins B1 and B6, as well as sulfur-containing amino acids, and downregulated the glucose signal pathway regulators Rgs2 and Sip4, indicating that the evolved strain had relieved redox stress and reshaped the signaling pathway to xylose. Another evolved strain exhibiting faster growth on xylose and a negligible amount of byproduct formation had strongly upregulated TCA cycle and glyoxylate pathway genes (Scalcinati et al. 2012) . The SOL3, TAL1, YLR042, MNI1 and RPA49 genes were also reported to be important for xylose metabolism (Bengtsson et al. 2008) . However, transcriptome analyses often uncovered many changes, making it difficult to narrow down and isolate specific targets for a defined phenotype.
Recently, Sato et al. combined genome sequencing, proteomic profiling and metabolomics analyses to characterize the responsible mutations in evolved strains capable of aerobically or anaerobically metabolizing xylose. An epistatic genetic interaction occurred between mutations in genes involved in the MAPK (HOG1) and cAMP-PKA (IRA2) signaling pathways, assembly and transfer of Fe-S clusters (ISU1) and GRE3 that collectively enable xylose metabolism under various oxygen conditions. They discovered that the loss of ISU1 function is crucial for aerobic respiration and anaerobic fermentation of xylose and that epistatic interactions with IRA2 mutations are essential for anaerobic fermentation (Sato et al. 2016 ). This study demonstrated the power of multiple omics analysis and uncovered the role nutrient signaling pathways have in controlling xylose metabolism.
ENGINEERING SUGAR TRANSPORTERS FOR XYLOSE UTILIZATION
As we mentioned above, the competition of glucose and xylose transport is one of the main reason of their sequential utilization. Xylose uptake relies on endogenous hexose transporters since there is no specific xylose transporter in Saccharomyces cerevisiae. Saccharomyces cerevisiae has 18 hexose transporters (Hxt1-17 and Gal2) that are generally divided into three types according to their affinity for glucose: high-affinity transporters (Hxt6, Hxt7 and Gal2), intermediate-affinity transporters (Hxt2, Hxt3 and Hxt5) and low-affinity transporters (Hxt2, Hxt4 and Hxt5) (Reifenberger, Boles and Ciriacy 1997) . Hxt7, Hxt5, Gal2, Hxt1 and Hxt4 transporters can uptake xylose, and the efficiencies for xylose were as follows: Hxt7 > Hxt5 > Gal2 > Hxt1 > Hxt4 (Sedlak and Ho 2004) . The overexpression of endogenous hexose transporters such as Hxt7 or Gal2, which exhibited a relatively high capacity for transporting xylose, was proven to improve xylose uptake (Leandro, Fonseca and Goncalves 2009; Young et al. 2011) . Some metabolically engineered strains can ferment xylose at similar rate as glucose when using xylose as the sole carbon source. However, during glucose and xylose co-fermentation, the xylose consumption rate noticeably decreased, and since xylose is usually consumed only after glucose is depleted, xylose uptake was likely inhibited by glucose (Fig. 1) . It is critical to search for new xylose transporters or to engineer existing transporters that are not inhibited by glucose. Table 1 summarizes some endogenous and heterologous transporters and their mutants that have been expressed in S. cerevisiae.
To avoid the noise of native hexose transporters, strains lacking all native hexose transporters (hxt null) (EBY.VW400) have been widely used as a background strain to study the function of sugar transporters (Wieczorke et al. 1999) . The natural xylose-utilizing species are a good resource to identify xylose transporters; therefore, numerous studies have been done to identify transporters that have a relatively high affinity for xylose compared to glucose. Identified transporters include Gxf1 and Gxs1 from Candida intermedia; Mgt05196p from Meyerozyma guilliermondii; Xyp29, Rgt2 and Xut3 from Scheffersomyces stipitis; XylE from Escherichia coli; and An25 from Neurospora crassa (Leandro, Goncalves and Spencer-Martins 2006; Hector et al. 2008; Du et al. 2010; Young et al. 2011 Young et al. , 2014 Wang et al. 2015) . Some of these heterologous transporters can enable the hxt null strain to transport xylose. However, the majority of these wide-type transporters are not xylose specific, leading to competitive inhibition by glucose. Among them, only An25 from N. crassa, Xyp29 from S. stipitis and XylE from E. coli are xylose facilitators having no glucose uptake activity (Henderson and Maiden 1990; Du et al. 2010) . Even xylose-specific transporters such as XylE from E. coli, which cannot transport glucose, are still inhibited by the presence of glucose (Henderson and Maiden 1990) . Therefore, the identification of a xylose transporter that is not inhibited by glucose is extremely important. Young et al. (2012) engineered two transporters, C. intermedia Gxs1 and S. stipitis Xut3, through direct evolution and found several important residues, such as F40 , which can alter the monosaccharide transport profiles of C. intermedia Gxs1. Then, by evaluating the sequence similarity of different heterologously expressed transporters, they identified a conserved G-G/F-XXXG motif in the first transmembrane span and demonstrated that the sugar preference of the C. intermedia transporter Gxs1 can be rewired by modifying the residues V38F, L39I, F40M. The conserved G-G/F-XXXG motif can also be used to rewire the sugar affinity of other hexose transporters, such as S. stipitis Rgt2 and S. cerevisiae Hxt7, into xylose-specific transporters (Young et al. 2014) . However, these xylose transporters nevertheless remained inhibited by glucose. Recently, further evolution of Gxs1(FIM) was performed to alleviate the glucose inhibition (Li et al. 2016) . Wang et al. (2015) identified a mutation (N360F) in the M. guilliermondii transporter Mgt05196 that also transported D-xylose specifically without any glucose inhibition.
Aside from the engineering of heterologous transporters, endogenous transporters were also mutated to rewire sugar affinity (Farwick et al. 2014 , Nijland et al. 2014 Shin et al. 2015; Wang, Yu and Zhao 2016) . The affinity of endogenous transporters for glucose is much higher than for xylose. For Hxt7, it is 200-fold higher for glucose than for xylose, leading to slow xylose metabolism in the presence of glucose, even when the glucose concentration is low. Thus, to improve the co-metabolism capability of the engineered strain, it is necessary to reduce the glucose affinity and improve the xylose affinity of the hexose transporters. Farwick et al. constructed a screening strain for xylose transporters that is not inhibited by glucose based on the principle of turning glucose into an inhibitor of xylosebased growth but not a substrate. Using this growth-based screening platform, the glucose-insensitive xylose transporters Hxt7(N370S) and Gal2(N376F) were identified. The Gal2(N376F) mutant has completely abolished the glucose uptake ability and had the highest affinity for xylose (Farwick et al. 2014 ). An endogenous chimeric Hxt36 transporter was constructed by fusing the endogenous transporters Hxt3p and Hxt6p. Using a similar evolutionary engineering strategy, Hxt36 was evolved and a N367A mutation also arose that conferred the glucose inhibition free transport of xylose (Nijland et al. 2014) . In addition, mutations in the endogenous transporter Hxt11 at residue N366 can also alter the transporter specificity for glucose to xylose (Shin 
Hxt11 ( et al. 2015) . In their subsequent work, they found that catabolite degradation occurred in some endogenous transporters and that preventing ubiquitination of Hxt11 and Hxt36 resulted in improved xylose fermentation (Nijland et al. 2016) . A conserved motif or amino acid residues for determining sugar specificity were observed in several studies. The amino acids N367 of Hxt36, N366 of Hxt11 and N360 of Mgt05196 correspond to asparagine residues at the same position in N370 of Hxt7 and N376 of Gal2 (Nijland et al. 2014; Shin et al. 2015; Wang et al. 2015) . The conserved structure of the hexose transporter could contribute to the rational designs for rewiring new xylose transporters. Despite these promising advances, the specificity and efficiency of xylose transporters still need to be further improved. Most of the aforementioned transporters only proved to be efficient in an hxt null strain, and the successful application of these transporters in the industrial xylose recombinant strains needs to be demonstrated.
FERMENTATION USING GLUCOSE AND XYLOSE OR LIGNOCELLULOSIC HYDROXYLATE
Through rational and irrational engineering, many engineered strains including both XI pathway contained strains and XR/XDH pathway contained strains obtained good performance in xylose synthetic media (Kuyper et al. 2005; Zhou et al. 2012; Cadete et al. 2016) (Table 2 ). The specific xylose consumption rate reached to 1.37 g g −1 h −1 in an XR-XDH pathway containing strain (Li et al. 2016b ) and 1.866 g g −1 h −1 in an XI pathway containing strain (Zhou et al. 2012; Demeke et al. 2013; Li et al. 2016a ). However, due to the cofactor imbalance of the XR-XDH pathway, the strain containing this pathway often had a lower ethanol yield. During glucose and xylose co-fermentation, glucose and xylose are sequentially utilized in most of the engineered strains. Thus, xylose metabolism is still delayed by the presence of glucose in these strains. The best reported industrial yeast strains containing the XI pathway can consume both glucose and xylose within 12 h with an ethanol yield of 0.46 or 0.47 g g −1 (Demeke et al. 2013; Li et al. 2016a) . The ethanol yield and sugar consumption rate in lignocellulosic hydrolysate are usually lower than in the synthetic media (Chandrakant and Bisaria 2000; Zhang, Tian and Zhang 2008; Zhang, Shen and Shi 2010; Demeke et al. 2015; Li et al. 2016a) . Lignocellulosic hydrolysate contains various inhibitors which greatly affect the sugar utilization and cell growth. The pretreatment of lignocellulosic materials often releases compounds such as organic acids (most usual is acetic acid), furaldehydes (furfural and 5-hydroxymethyl-furfural) and phenolic derivatives. The presence of these compounds will prolong the lag phase, decreasing the growth of yeast and thereby reducing ethanol production. Li et al. (2015) compared a laboratory strain (CEN.PK113-5D) with a series of industrial strains and found that the laboratory strain does not grow well in corn stover hydrolysate, while the industrial strains showed much better growth, although different industrial strains had differences in performance, demonstrating the need to engineer the industrial stains for lignocellulose utilization. Therefore, increasing numbers of studies have recently focused on engineering industrial strain for xylose metabolism (Table 2 ). In addition to cofermenting sugar, good fermentation productivity using lignocellulosic hydrolysate can also be achieved through evolutionary engineering in hydrolysate using a xylose pathway engineered industrial strain (Demeke et al. 2013; Li et al. 2016a ).
CONCLUSION AND FUTURE PROSPECTS
As xylose is one of the most abundant sugars in lignocellulose materials, the development of microorganisms that use xylose efficiently is critical for the sustainable production of fuels and chemicals. In past decades, strains capable of utilizing xylose have been significantly enhanced by various engineering approaches. Omics analyses have also revealed new xylose metabolism and regulation mechanisms. Some of the engineered strains have shown good fermentation performance in cellulosic hydrolysates and are ready for industrial application. However, there are still metabolic bottlenecks that need to be addressed. For example, glucose inhibition still limits xylose transport and metabolism. Thus, engineering specific xylose transporters without glucose inhibition or overcoming the resulting metabolic inhibition is important for further improving the co-utilization capability of both glucose and xylose. Currently, the engineered strains are mainly designed for ethanol production. Saccharomyces cerevisiae, as a potential cell factory, has been widely used for the production of various chemicals, such as advanced biofuels and various terpenes. Developing microorganisms that co-utilize glucose and xylose to produce other biofuels and chemicals will expand the application of lignocellulosic biomass.
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